Abstract: Penetration of grid connected inverters (GCI) has arisen in power systems due to increasing integration of renewable sources. However, restrictive grid codes require that renewable sources connected to the grid with power electronic systems must be properly connected and appropriate currents must be injected to support stability of the grid under grid faults. Simultaneous injection of symmetrical positive and negative sequence currents is mandatory to support stabilization of grid at the instant of grid faults. Conventional synchronously rotating frame dq current controllers are insufficient under grid faults due to low bandwidth of PI controllers. This paper proposes a new grid current control strategy for grid connected voltage source inverters under unbalanced grid voltage conditions. A proportional current controller with a first order low pass filter disturbance observer (DOb) is proposed which establishes positive sequence power requirements and independently control negative sequence current components under unbalanced voltage conditions. The method does not need any parameter, since it estimates nonlinear terms with low pass filter DOb. Simulations are implemented in Matlab/Simulink platform demonstrating the effectiveness of proposed method.
Introduction
Rapid penetration of renewable energy sources connected to the grid and distribution systems with power electronic circuits have changed the expected grid requirements to guarantee an appropriate performance under grid faults. In addition to performance and reliability of the system performed through power electronic circuits in normal conditions, stability and grid support under grid faults are crucial due to restrictive grid code requirements [1, 2] .
In particular, the most common fault type in electrical networks is unbalanced voltage conditions which can easily happen in any voltage sags, and causes double frequency power oscillations. In addition to required positive sequence P and Q injection by renewable source (RES) through GCI, these oscillations must be compensated by injecting appropriate negative sequence current sets. However, this aim cannot be realized by using conventional methods.
PI controller based vector control method for GCI structures considering balanced voltage conditions are given in [3] . This method decouples grid currents into P and Q generating components, and proportional-integral (PI) current controllers achieve stable operation. However, this popular structure is fragile under voltage problems due to low bandwidth of PI controllers.
One of the first contributions related to control of GCI under unbalanced voltage is given in [4, 5] by using decoupled Proportional-Integral (PI) control of positive and negative sequence dq frames. This structure is also known as double synchronous reference frame (DSRF) method and used by many researchers [6, 7] . Proportional-Resonant (PR) [8, 9] controllers are also extensively used for GCI which feed forwards a resonant controller tuned at double of the grid frequency. Direct power control methods [10, 11] control the required power without additional inner current loops. Method given in [12] gives an enhanced operation of decoupled double synchronous reference frame (DDSRF) operation by using feed forwarded resonant controllers. Model based predictive control [13, 14] methods minimizes the cost function by predicting the future current and power components of GCI under unbalanced voltage operation.
Decoupled control of synchronously rotating positive and negative sequence dq currents as given in [6, 7] is an effective method for control of GCI. However, this method suffers from simultaneously dissipating active and reactive oscillating components. Instantaneous power theory calculations based independent P and Q control strategy is given in [15] by proposing different current reference calculations depending on power requirements. A robust power flow algorithm which is based on disturbance rejection control algorithm is given in [16] . These methods given in [13] [14] [15] [16] can independently dissipate P and Q double frequency oscillations. However, the shape and magnitude of non-sinusoidal injected currents highly increases current harmonics in the system, which limits the effectiveness of these methods.
Three phase four leg inverters can generate sinusoidal voltage waveform in a wide range of nonlinear operating conditions for more sensitive loads, such as data transfer and military purposes, since they also can issue power quality requirements [17, 18] . However, additional phase leg and inductance complicates the circuit and reduces the overall efficiency.
Grid synchronization is of great importance for robust control of GCI, fast and accurate estimation of grid voltage parameters is essential to operate under grid faults. Different PLL algorithms are available in the literature aiming to operate under grid voltage problems [19] [20] [21] [22] . It is assumed in this study that symmetrical positive and negative sequence component decomposition of the grid voltage is properly realized, such as given in [23] under grid faults.
Disturbance observer (DOb) based controller is a simple and robust structure which estimates external disturbances and uncertainties, thus the effect of disturbances and uncertainties are suppressed [24] . Estimated disturbances and system uncertainties are fed-forward to inner control loop, thus the robustness of the system is obtained. An additional external controller could be cascaded to achieve desired performance goals, such as power and/or speed in electrical systems, since DOb controls uncertain plant and removes the effect of external disturbances in the inner control loop.
DOb based current controller is applied to doubly fed induction generators (DFIG) and GCI in [25, 26] by considering robustness against parameter variations under balanced voltage sets. However, this method must be carefully tuned to suppress double frequency oscillations. This study models the grid dynamic model in synchronously rotating symmetrical positive and negative sequence dq frame. Therefore, decoupled positive and negative sequence dq current components are independently controlled by achieving robust control under grid voltage faults. In addition to the availability of simultaneous positive and negative sequence current injection, the proposed method is not affected by other external disturbances and uncertainties such as grid impedance variations.
Integral terms in conventional PI controllers must be carefully tuned to prevent unwanted overshoots for a wide range of operation. In addition, wind up effect of integrator must be considered for real time systems. Instead of conventional PI controllers and fed-forwarded parameter dependent cross coupling terms, proposed proportional controller with a low pass filter DOb is sufficient for robust operation, since DOb accurately estimates and feed forwards uncertain terms. The control structure is simple and can be applied in real time systems.
The contribution of this study is a proportional decoupled current controller with fed-forwarded low pass filter DOb which satisfies positive sequence power requirements by independently controlling negative sequence currents. This is the first study for decoupled dq current control structure by using symmetrical component decomposition and estimating the disturbances with DOb concept. The study is implemented on Matlab/Simulink simulation platform.
Dynamic Model
Equivalent circuit of GCI is given in Fig.1 in abc frame. The system is connected to the grid with respective grid resistance and inductance values. Dynamic model can be rewritten either stationary or synchronously rotating dq frame according to given equivalent circuit. The three phase electrical variables such as current, voltage etc. could be indicated in several different types of reference frames [31, 32] . Two orthogonal synchronously rotating components in dq frame are sufficient, if the balanced system representation is required. However, it is insufficient in case of unbalanced systems representation, and respective positive and negative sequence components must be presented.
The dynamical model could be arranged in the orthogonal frame of references associated with positive and negative symmetrical component of the grid voltage, where positive sequence (dq)+ frames is composed of balanced voltage, while unbalanced voltage component generates negative sequence (dq)-frame which is given in Fig.2 . 
The terms ig, vg, represent grid currents and voltages in the synchronously rotating dq frame. The term, vs is GCI output voltage. The terms Rg and Lg represent grid resistances and inductances. All diagonal element of Lg and Rg matrix for symmetrical systems are equal. The meaning of superscripts +/-are for (dq)+ and (dq)-rotating frames, respectively. d/q subscript means dq rotating frames. The term ωg is for grid electrical speed. The rotating frame is aligned with d axis, and vq=0. The line currents are assumed to be measured, and GCI output generated voltage is known. GCI circuit can be written as given below.
The term, f = [f f f f ] are nonlinear and accurate determination of grid and GCI parameters are required to define these terms. That is impractical and fg is considered as disturbance. Control performance can be written as;
Where ε = [ε ε ε ε ] is error of control performance. If (5) is inserted into the derivative of (6), the error dynamics can be given as;
Closed loop error equation is given as follows;
The term k = diag[k k k k ] is a positive controller gain. Error of control performance ε is defined as asymptotic convergence to zero. The definition of convergence speed is dependent on the value of kg coefficients. If (7) is inserted into (8), applied generated voltages to GCI is written as follows;
Grid inductance base value, Lg is insensitive to disturbances. Thus, voltages applied for GCI is written below.
First Order Low Pass Filter Disturbance Observer
The term, fg can be estimated by modifying the voltage equations. If (8) is inserted in (9), determination of the grid voltage is possible to enforce desired control performance in the current loop. The disturbance terms are considered as bounded and defined by f = 0 with unknown initial conditions [32] . System inputs and outputs (vc and ig) are considered to be known or measured.
= − (11)
First order low pass filter DOb is applied to (11) in s domain as given below.
The term, s is the Laplace operator. The coefficients, ggd and ggq are the cut-off frequency gains. The block diagram of disturbance observer could be drawn as given in Fig. 3 . The final grid current error equations are given by;
It can be stated from (13) that the right hand side tend towards zero as given below. The optimal selection of the low pass filter parameter is to set [T] = diag [1] in the frequency range in which disturbance is expected. The bandwidth of DOb should be as high as possible, so disturbance error can converge to zero in a wide range of frequency. DOb compensation error will converge to zero in practical terms with proper selection of cut of frequency [27] . This estimated disturbance plays a very critical role in the controller structure as a feed forward term, and does not influence the stability of the closed loop controller structure with the properly selected cut-off frequencies. Because of the effectiveness of feed forward disturbance term, the integral action is not required in the closed loop structure. Therefore, proportional controller with a positive definite kg value is sufficient that the controller error converges to zero in finite time. As a result, proposed controller structure is more robust and simple compared to conventional PI controllers, since it estimates and feed forwards the disturbance terms without integral part of the controller.
Instantaneous Power Equations
The instantaneous powers associated with unbalanced current and voltage components can be written in the following form [29] with multiplication of double frequency oscillating components.
Where; 
The terms, Pg0 and Qg0 are fundamental instantaneous active and reactive power components which consist of positive and negative sequence power equations, while the terms Psc2-Pss2 and Qsc2-Qss2 are four pulsating terms which is the resultant of asymmetrical network conditions. Maximum 4 variables (i i i i ) could be controlled to achieve Pg0 and Qg0 requirements and compensate Psc2-Pss2 and Qsc2-Qss2 oscillating components. Thus, active and reactive power oscillations cannot be compensated simultaneously in positive and negative sequence dq frame [28] .
It is necessary to calculate appropriate set of current references to ensure a constant value of active power absorbed or injected by GCI under balanced and unbalanced voltage conditions. These Pg0
and Qg0 requirements and Psc2-Pss2 oscillation compensation can be addressed by using the following expression.
Eq. (18) defines that positive sequence grid current controllers achieve P and Q requirements, while negative sequence current controllers can compensate the active power oscillations depending on the negative sequence current injection strategy. The proposed scheme is depicted in Fig. 4 
Simulation Results
Fig .5 depicts the simulation circuit in Matlab/Simulink SimPowerSystem platform. GCI is connected to a transmission system, and all necessary parameters for simulation are given in Table 1 . Three different simulations are implemented to validate the proposed controller structure. First simulation demonstrates positive sequence controller without enabling negative sequence controller to show the deteriorated current and power waveforms under unbalanced voltage conditions (Simulation A). Dual current controller with enabled negative sequence current controller enforces negative sequence currents to zero in second simulation (Simulation B). Third simulation enforces double frequency Psc2-Pss2 power oscillations to zero. In addition, dynamic performance of positive sequence controllers will be demonstrated by applying appropriate dq current steps (Simulation C). 30% unbalanced voltage on phase-A between 0.25-0.30s is applied which is shown in Fig.6a .
Sinusoidal grid currents are shown Fig. 6b that the sinusoidal shape is deteriorated without negative sequence current controller. Respective i and i step response tests are shown in Fig. 6c . Fig. 6d shows the respective dq axis current references that change the Pg and Qg properly. Performance criteria is satisfied with DOb based current controllers without any steady state error and overshoot.
Double grid frequency power oscillations exist under unbalanced voltage, and can only be dissipated by injecting negative sequence currents.
Similarly, Fig.7 shows the second simulation results (Simulation B) with dual positive and negative sequence current controller results. Negative sequence controller is only enabled when the unbalanced voltage exists in the grid. Because, it is observed in simulations that enabling the negative sequence controller in balanced voltage conditions unnecessarily deteriorates the dynamic performance of the overall system [33] . Thus, a simple logic condition is added in simulation to enable or disable negative sequence controller depending on the negative sequence voltage level.
Negative sequence current components are enforced to zero at the instant of unbalanced voltage condition, and deteriorated current waveforms are dissipated as shown in Fig. 7b . Double frequency oscillations still exist in power components as shown in Fig. 7d . Fig. 8 and Fig. 9 shows the estimated disturbances and negative sequence current components with (Simulation B) and without (Simulation A) negative sequence current controller. Fig.8a and 8b shows the fed forwarded f -f and f -f terms. The term f saturates to maximum level at the instant of unbalanced voltage condition to remove steady state current errors. Oscillating components Psc2-Pss2 are enforced to zero with external PI controllers. PI controller gains could easily be determined with trial and error methods (Kp=1.1 KI=5.2). It can be noted from Eq. 17 that oscillating Psc2 and Pss2 components can be compensated by internal i and i controllers, respectively. Fig.10a shows the P/Q components. Double frequency oscillations are removed on Pg by enforcing Psc2-Pss2 components to zero that is shown in Fig. 10b . Fig. 10c shows the resultant injected i and i components. 
Conclusions
This study presents a novel grid current controller which utilizes a low pass filter DOb to provide precise control of grid currents under unbalanced grid voltage conditions. The GCI has been modeled in the symmetrical component frames, and estimated disturbance terms are fed forward to current controllers. Hence, the controller structure is parameter independent. P and Q are defined by using the instantaneous power theory and double frequency Pss2 and Psc2 pulsations have been removed. Simulation results show that the method can be applied to real systems to compensate double frequency power oscillations under unbalanced voltage conditions.
